Non-invasive measurement of carotenoid antioxidants in human skin is one of the important tasks to investigate the skin physiology in vivo. Resonance Raman spectroscopy and reflection spectroscopy are the most frequently used non-invasive techniques in dermatology and skin physiology. In the present study, an improved method based on multiple spatially resolved reflection spectroscopy (MSRRS) was introduced. The results obtained were compared with those obtained using the 'gold standard' resonance Raman spectroscopy method and showed strong correlations for the total carotenoid concentration (R = 0.83) as well as for lycopene (R = 0.80). The measurement stability was confirmed to be better than 10% within the total temperature range from 5 °C to + 30 °C and pressure contact between the skin and the MSRRS sensor from 800 Pa to 18 000 Pa. In addition, blood samples taken from the subjects were analyzed for carotenoid concentrations. The MSRRS sensor was calibrated on the blood carotenoid concentrations resulting in being able to predict with a correlation of R = 0.79. On the basis of blood carotenoids it could be demonstrated that the MSRRS cutaneous measurements are not influenced by Fitzpatrick skin types I-VI. The MSRRS sensor is commercially available under the brand name biozoom.
Introduction
Human skin contains different antioxidants [1] [2] [3] in order to counteract the free radicals, which are generated in the skin subsequent to the influence of external (solar irradiation, heat, environmental toxins and pollutants) [4] [5] [6] [7] [8] and internal (inflammation, diseases, stress) [9] [10] [11] stress factors. Protection mechanisms based on topical and systemic application of antioxidants are recommended [12] [13] [14] . The carotenoids are fat-soluble antioxidants protecting the skin against reactive oxygen species-free radicals with highest oxidative activity [15, 16] . Carotenoids are highly concentrated in the stratum corneum [17, 18] and serve as marker substances for the complete antioxidant status of the human epidermis [19, 20] . The concentration of cutaneous carotenoids mirror the nutritional habits [21, 22] and lifestyle of volunteersResonance Raman spectroscopy (RRS) [24] , confocal Raman microscopy (CRM) [17] , reflection spectroscopy (RS) [25] and skin color measurements (SCM) [26] are known optical methods appropriated for the determination of carotenoids in human skin in vivo. The above-mentioned methods have advantages, shortcomings and limitations [27] , most important of which are measurement sensitivity and repeatability. At present the RRS serves as a 'gold standard' among all available noninvasive methods. The RRS is expensive and bulky, therefore the development of small-sized devices providing a sensitivity and repeatability comparable to that of RRS, is desirable. The miniaturized spectrometer-based RS device described previously [25] complies well with these requirements, but has one limitationits measurement repeatability has not been high enough, so far.
Human skin is highly inhomogeneous due to the presence of different chromophores, furrows, wrinkles, birthmarks, layered microstructure, etc [28, 29] . This makes the light propagation through the skin a very complicated process [30] , which is characterized by inhomogeneous multiple scattering and reabsorption [31] . As a result, the repeatability and validity of some optical measurements is not sufficient and needs to be improved. Since spectroscopic devices with a single point irradiation and a single point detection of light are unable to distinguish between the optical signals being influenced by scattering or absorption, spatially resolved spectroscopy (SRS) was developed [32, 33] . SRS picks up the light at several positions that have different distances to the light source [34, 35] . This allows distinguishing data where the light has gone deeper into the skin from data where the light only entered the skin surface ('banana' shaped photons distribution in the skin). Using this method signals in unwanted depths can be removed from the informative signal. Applying SRS to biological tissue is critical. Since the measurement result is calculated from differences of the raw data, even small errors generate significant differences in the final results. Taking the inhomogeneity of biological tissue into account it is immediately clear why SRS cannot be applied successfully in most cases. In addition, measurement results depend on the position where the sensor is placed on the skin, as concentration of most chromophores in the skin can vary substantially. Due to the limited number of pathways of light, SRS cannot satisfactorily compensate the inhomogeneity of the skin samples.
To overcome this problem, a new sensor concept using multiple spatially resolved reflection spectroscopy (MSRRS), was developed and introduced in the present study.
Materials and methods

Resonance Raman spectroscopy (RRS)
The resonance Raman spectroscopy is a popular method used worldwide for the non-invasive determination of carotenoids in the human skin [27] . The utilized excitation wavelengths lie in the blue-green range of the spectrum, which coincides with the maximum absorption ability of carotenoids, giving rise to the corresponding Raman signal amplification at resonant conditions [36] . The two wavelengths of an Ar + laser, 488 nm and 514.5 nm, were used to excite carotenoids resonantly. Under the 488 nm excitation, all kinds of cutaneous carotenoids (alpha-, beta-, gamma-, sigma-carotene, lutein, zeaxanthin, lycopene and their isomers) were excited almost identically, while under the 514.5 nm excitation only lycopene was excited resonantly. This permits distinguishing between lycopene and other carotenoids in the skin [36] . The carotenoid concentration was determined by intensity of the prominent Stokes line shifted to 1525 cm −1 in respect to the excitation wavelength, which originated from the carbon-carbon double bond stretch vibration of carotenoid molecules. Thus, the Raman peaks were measured at 527.2 nm and at 558.3 nm, corresponding to excitations at 488 nm and 514.5 nm, respectively.
In order to reduce an influence of skin inhomogeneity, a broad excitation spot of 6.5 mm in diameter on the skin was realized [37] . The utilized RRS device was described in detail previously by our group [36] .
Multiple spatially resolved reflection spectroscopy (MSRRS)
The new MSRRS sensor concept, which uses a number of differently positioned light sources and light detectors, is available in portable version (figure 1(a)) and stationary version ( figure  1(b) ). By this technical realization every optical measurement path is sampled multiple times at several positions and orientations. The results are mathematically combined to a reliable signal making it possible to compute a reliable value of the concentration of a substance in vivo in biological tissues. Even if the sample is inhomogeneous or shows a gradient in the substance concentrations, scattering and absorption effects in different tissue depths can be quantified. If the sample has a texture, SRS measurements might be direction-dependent and turning the sensor position might lead to different and strongly erratic results. The MSRRS sensor is designed to use light paths of multiple directions and is, as a result, much less direction-dependent. The same applies to translating the sensor over the sample surface. The MSRRS sensor is less sensitive to errors caused by the position of the measurement, as it averages the properties of the sample over a larger area of approx. 20 × 20mm.
The MSRRS sensor used in this study is optimized for application on human skin. It is made in Germany by the company biozoom in Kassel. The sensor uses 118 LED light sources with different wavelength characteristics to differentiate between substances in the probe. The light sources cover a spectral range from approx. 350 nm to 1000 nm in 16 steps of different size. Some of the light detectors of the MSRRS sensor have filters to measure in a specific spectral range. In combination with the light emitters of different spectral ranges a higher spectral resolution is achieved. The increased spectral resolution permits distinguishing chromophores that have only a small difference in their spectral characteristics. For example, lycopene and beta-carotene can be distinguished and their concentrations can be determined individually.
The sensor picks up the back scattered light at several positions. A total number of 152 light sensitive detection surfaces permits capturing the light not only at good reliability but also measuring the light intensity over the distance to the light source.
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Combining the 118 light emitters with the 152 light detectors results in almost 18 000 raw data values which are picked up several times during one measurement. Each raw data value represents one light path passing a tissue area of approx. 20 × 20 mm contacting the sensor, as represented in figures 1(a) and (c). This gives the data evaluation algorithms a significant amount of redundancy to generate reliable results even if the tissue is strongly inhomogeneous.
Due to the fact that each detector is used with light sources close to it and light sources with a long distance, it is not possible to adjust the amplification factors of the electronics to the sensor position as typically done in SRS sensors. Instead, the measurement electronics is designed for a very high dynamic range of over 1:1.000.000. This makes it possible to precisely measure signals of emitter-detector pairs that are located close to each other as well as pairs with a large distance. The measurement electronics uses three different methods ranging from direct current detection over discharge cycle counting to discharge voltage measurement. The applicable method is determined during the specific measurement automatically. Constant aperture timing and effective noise cancellation results in optical raw data with excellent 24-bit resolution and signal to noise ratio. During the measurement typically only one light emitter is activated while all detectors operate in parallel. A repeat measurement helps to compensate time dependencies with biological origin and adds even more redundancy that can be converted to a few more bits of resolution.
This type of sensor electronics offers additional advantages. The light can penetrate deeper into the tissue and detect substances and biomarkers in the blood. Each measurement on human skin takes approximately 10 s.
With MSRRS it is possible to determine the specific homogeneity of the measured sample, as pairs of light emitters and light detectors are arranged in different directions and at different locations of the sensor. This information might be useful for future experiments where the degree of homogeneity is compared to skin regeneration or skin ageing.
The specific MSRRS sensor that was used has light emitters that emit photons into the tissue with different dominant directions. Some emitters are designed to send photons into the tissue at an angle that is mostly perpendicular to the tissue surface, while others emit light into the tissue at an angle that is more parallel to the surface of the tissue. This method provides a new approach to making photons travel deeper through the tissue or to make them stay closer to the surface. The gained information complements the information gathered using different distances between light emitters and light detectors in traditional SRS setups, leading to more precise measurement results.
The measured data also reveal if the measurement was carried out correctly. In the case of in vivo measurements, errors cannot be completely avoided. These mistakes can be caused by an unexpected movement of the volunteers or if the skin is removed from the sensor before the measurement is finished, or if the sensor is not in full contact with the skin. Other problematic situations like too bright ambient light, wet or dry skin and a number of other cases can be detected with reasonable reliability. The possibility to detect these problems automatically has a strong advantage for scientific studies, as the examiner can repeat a measurement when he receives a warning that it was not carried out under optimal conditions.
Volunteers
The calibration of the sensor was carried out in vivo on the ball of the thumbs of 68 healthy volunteers, aged between 19 and 74 years (mean age 36.3) of skin types I-III in accordance with the Fitzpatrick classification [38] . In a second study the quality of the sensor was validated. The validation of the sensor was carried out in vivo on the ball of the thumbs of 30 healthy volunteers of skin types I-III according to the Fitzpatrick classification [38] . In addition to the optical measurements on the skin using RRS and MSRRS, the carotenoid concentration in the blood of the same volunteers was measured to have a second reference data. The validation of the sensor was carried out together with a study analysing the effect of a product to supplement nutrition to increase the antioxidant concentration in the human body. The carotenoid level of the 30 volunteers was monitored over a period of 18 weeks at five visits. Four of the five visits were used to validate the MSRRS sensor so that a total of 120 measurements was analysed. MSRRS measurements and RRS measurements were taken from the same spot on the thenar.
For both studies only healthy volunteers, whose skin on the hands were normal, i.e. without visible skin abnormalities, such as extremely dry or fatty skin, wounds, skin 'defects' or skin diseases, were recruited. The volunteers were asked not to use any cosmetic formulations on the hands at least 48 h prior to measurement. These studies were conducted by the Charité-Universitätsmedizin, Berlin and approved by the Ethics Committee of the Charité-Universitätsmedizin, Berlin.
To measure the effects of skin types IV-VI (Fitzpatrick classification) a group of additional 18 subjects was measured by registered doctors in Kassel.
Study design
The calibration of the MSRRS sensor is based on RRS measurements. The RRS measurement results are presented in arbitrary units representing carotenoids concentration in nmol g −1 skin, which was previously calibrated by HPLC [24, 39] . Thus, the results in the MSRRS value 10 represent a carotenoid concentration of roughly 1 nmol g −1 skin. To reduce the effect of the standard deviation of RRS measurements, the subject was sampled 10 times. In the experiments RRS had a standard deviation of 0.035 nmol g Since future customers will use the MSRRS sensor under everyday life conditions, the collection of MSRRS data in the calibration study was conducted with artificial variations in environmental temperature (from 5 °C to 30 °C) and pressure contact between the skin and the MSRRS sensor (from 800 Pa to 18 000 Pa) ( figure 1(c) ). In the calibration phase several identical MSRRS sensors were used. In total more than 3000 measurements were conducted. A special algorithm was established to correct production tolerances of the MSRRS sensor. Due to the artificially induced variations a standard deviation of 0.030 nmol g −1 was achieved. Finally the mean values of RRS and MSRRS measurements are used for calibration. Due to the huge number of MSRRS measurements, the data collection for some volunteers was not conducted on the same day. In this case also RRS measurements were repeated the other day, to take natural changes of the antioxidants levels into account.
In the validation study, 5 RRS and 5 MSRRS measurements were taken for each subject per visit.
Measurement of carotenoids in the blood
In the validation study, a blood sample was taken and analysed for carotenoid concentrations. The transportation path of the carotenoids goes from the digestive system directly into the blood [40, 41] , which could be genetically dependent [42] and be influenced by the diseases [43] . In the human metabolism the carotenoid concentration in blood changes more quickly than in the skin [44] . The accumulation of carotenoids in the epidermis is a slower process, which includes diffusion of carotenoids from the fat tissue of the hypodermis and release of carotenoids on the skin surface with the sweat and sebum with its subsequent penetration [45] . This results in the skin carotenoid level presenting a better average of the antioxidant level of the human body on the one hand. On the other hand, the blood carotenoid concentration facilitates finding the cause for high or low antioxidant levels, as it reacts more directly to changes in nutrition and lifestyle habits. This gives the blood concentration of carotenoids additional relevance for biofeedback applications. The blood sample carotenoid concentrations were used to compute a second calibration for the MSRRS sensor to measure blood concentration results to test if blood concentrations can be determined with the sensor as well.
The carotenoid concentration in the blood were measured using iCheck (BioAnalyt GmbH, Teltow, Germany). The device is able to measure concentrations between 0.15 and 25 mg l at an accuracy of 10%. To measure ethylene diamine tetraacetic acid (EDTA), blood is separated by centrifugation and 0.4 ml of the serum are used for the analysis. The serum is added to a specific agent into a glass tube and measured optically. The optical measurement is repeated 4 times at different optical paths to compensate tolerances of the glass tube. The device outputs the result on the display. In the present study this procedure was repeated 3 times using the average of the results for the study.
Results and discussions
Comparison of RRS with MSRRS (correlation for all carotenoids in the skin)
The calibration results for the total carotenoid concentrations measured using RRS (excitation wavelength is 488 nm), lycopene (excitation wavelength is 514.5 nm) and MSRRS sensor in human skin are shown in figure 2 . The data represents the mean value of RRS and the calculated MSRRS value received from the calibration algorithm. In the diagram only the standard deviation of the MSRRS sensor is shown, as showing the RRS standard deviation makes the diagram difficult to read (RRS standard deviation is typically 1-2 times larger than of MSRRS). A Pearson correlation of R = 0.89 was achieved for total carotenoids and of R = 0.86 for lycopene. Taking into account that the MSRRS data were collected with artificial variations in environment conditions, the obtained correlation to the RRS data is very good. The results show that higher carotenoid concentrations are less well reproduced by MSRRS. The assumed reason for this is the limited number of subjects with high carotenoid values in the calibration study so that the calibration algorithm lacks sufficient amounts of data in the high range.
The result of the validation study for the measurement of the total carotenoid concentration in the skin is shown in figure 3(a) . In this investigation the carotenoid values are predicted by MSRRS measurements applying the algorithm of the calibration study. A high Pearson correlation of R = 0.83 was achieved.
The data in figure 3(a) represents mean values based on 5 standardized measurements conducted with RRS and MSRRS sensors, respectively, resulting in a mean standard deviation of 0.022 nmol g −1 for MSRRS and 0.031 nmol g −1 for RRS. Compared to the calibration study the MSRRS standard deviation shows a much lower level indicating that the artificially induced variations used during the calibration of the MSRRS sensor covered more extreme conditions than appear in normal use.
The bars shown in figure 3 (a) for randomly selected samples show the standard deviation of both measurement methods (RRS and MSRRS). The graph shows that the quality of the prediction of the RRS values by the MSRRS sensor is probably strongly influenced by the standard deviation of the RRS sensor. The standard deviation of the RRS method is significantly higher than that of the MSRRS method and shows single extreme outliers.
In the range of very low carotenoid concentrations the prediction quality shows a higher deviation from the reference method as well. It is assumed that this is also caused by the small number of subjects in the calibration study having very low values.
Comparison of RRS with MSRRS (correlation for lycopene in the skin)
To analyse the MSRRS sensor's ability to detect other substances, the MSRRS sensor was also calibrated to predict the RRS measurement for excitation wavelength of 514.5 nm, that predominantly picks up the cutaneous lycopene [46] . The validation of the calibration on this lycopene dominated signal is shown in figure 3(b) on the example of 30 subjects. The correlation factor R = 0.80 shows a slightly lower correlation than the total carotenoid signal. It is visible that the correlation is better in concentration areas with many samples for the calibration procedure. This is considered as an indication for the correlation quality strongly depending on a sufficient number of samples.
Comparison of MSRRS skin and blood carotenoid values and carotenoids in blood
We did not use RRS as a reference sensor for the analysis of the influence of the skin types on MSRRS results, as it is an optical method and the influence of the strong melanin concentrations in these skin types on the results of RRS was not known. Instead the carotenoid concentration in the blood of the subjects was used for reference. The measurement of carotenoid concentrations in blood is an excellent method to compare subjects of different skin types and verify that the MSRRS method provides correct results even though there is a high optical influence of melanin which is causing the coloring of the skin. Blood carotenoid concentrations are also useful for future use in biofeedback systems as their quick reaction to nutrition and lifestyle provides a more effective basis for feedback.
As can be seen in figure 4 (a) the standard deviation of the blood carotenoid reference measurement is very small (X axis). This is partially because the same blood sample and blood sample preparation was used for each measurement. A realistic determination of the standard deviation would probably lead to a larger standard deviation. It would need to include drawing blood several times and performing the preparation (centrifugation and mixing with the detection component) separately. This was omitted for reasons of cost, time and comfort of the volunteers. Figure 4 (a) shows that the calibration to the blood carotenoid measurement can be carried out successfully through the skin, even though only a portion of the light penetrates the tissue deep enough to reach depths with significant blood concentrations. This demonstrates the ability of the MSRRS method to subtract effects of the skin surface layers. The achieved correlation value of R = 0.79 is slightly lower than found for the skin carotenoid values.
To measure the effects of darker skin color as found in skin types IV-VI (Fitzpatrick classification) a group of additional 18 subjects was measured by registered doctors in Kassel. Blood leftover from other purposes was analysed for carotenoid concentration using the before-mentioned iCheck device. For comparison, measurements with the MSRRS method were taken on the same subjects. Figure 4(b) shows the results gathered in Kassel combined with the results of the validation study gathered by the Charité-Universitätsmedizin Berlin. Even though the research was conducted completely independently by different researchers and with different MSRRS sensors of the same type, the results are very similar. This indicates that both measurement methods produce reliable results even if used by different operators. Also the correlations between skin types I-III carotenoid concentrations to blood carotenoid concentration are similar to skin types IV-VI. It can be concluded, that the MSRRS measurement method produces adequate results independent of the skin type of the subjects. The slightly better results for skin types IV-VI are probably caused by statistical effects. It should not be concluded that these skin types can be measured more precisely than other skin types as the number of subjects would need to be larger to draw such a conclusion.
The obtained correlation between the skin and blood carotenoid values ( figure 4(b) ) confirms earlier research results [44] . It would be interesting to further analyse the dynamics of the two types of measurements to see if the quicker reaction to nutritional changes can be seen in the MSRRS blood measurements.
Conclusions
A new concept of a sensor for determination of analytes (chromophores) concentrations in human skin is presented. The sensor design allows multiple spatially resolved reflectance spectroscopy (MSRRS) that can cope with inhomogeneous samples exhibiting high scattering and gradients in the concentration of the measured substance. The studies show that the MSRRS sensor concept is able to measure carotenoid concentrations in human tissue with a good correlation to reference methods. One of the advantages of the MSRRS sensor principle is the excellent repeatability that is even better than that of the 'gold standard' RRS device. The high number of optical paths through the skin ensures stability against changes in measurement position and measurement conditions resulting in reliable cutaneous carotenoid values.
A good correlation to skin carotenoid levels as well as lycopene values measured using RRS and blood carotenoid concentrations can be achieved with the newly developed MSRRS method using different calibration algorithms. This method permits the antioxidant status of the human skin to be determined in detail. The MSRRS sensor measurements demonstrated for all skin types (Fitzpatrick classification I-VI) a good correlation between cutaneous carotenoids and carotenoids in blood.
Yet, the MSRRS sensor should be optimized for very high and very low carotenoid concentrations. As subjects in this group are rare, a specific study has to be performed to optimize the algorithms in these areas.
Since the MSRRS sensor is based on LED technology, it is small and relatively inexpensive. It is easy to handle and therefore can be a good alternative to methods currently used. The sensor concept allows automatic error detection enabling a correct measurement result even for unexperienced users. This makes the sensor ideally suited for self-monitoring of the carotenoid level. A good repeatability is essential to detect effects of modified nutrition and distinguish them from measurement noise. Additional advantages are the ability to optically measure carotenoid concentrations in the blood as the quicker changes of these values are well suited for biofeedback.
